The diagnostic accuracy of multidetector row computed tomography for the prospective diagnosis of acute bowel ischemia in the daily clinical routine was analyzed. Two hundred ninety-one consecutive patients with an acute or subacute abdomen, examined by MDCT over a time period of 5 months, were included in the study. All original CT diagnoses made during the daily routine by radiological generalists were compared to the final diagnoses made by using all available medical information from endoscopies, surgical interventions, autopsies and follow-up. Finally, all CT examinations of patients with an initial CT diagnosis or a final diagnosis of bowel ischemia were reread by a radiologist specialized in abdominal imaging in order to analyze the CT findings and the reasons for initially false negative or false positive CT readings. Twenty-four patients out of 291 (8.2%) had acute bowel ischemia. The age of affected patients ranged from 50 to 94 years (mean age: 75.7 years).
Introduction
Acute bowel ischemia is one of the most threatening abdominal emergencies in elderly patients, and this entity has not yet lost its ominous character since it is still associated with a mortality rate of more than 50% [1] [2] [3] [4] [5] . Furthermore, acute bowel ischemia is an often underestimated and not recognized reason for acute abdomen in our daily routine, and this especially since, according to the literature, it represents only about 1% of all cases of an acute abdomen [3] . However, in subspecialized fields of medicine, this percentage may be significantly higher, and with the increase of average life expectancy and the increasing prevalence of cardiovascular diseases in the western world, acute bowel ischemia is becoming more and more common [3, 4] . So, for instance, ischemic colitis is already known to be the most common type of colitis in patients older than 50 years, and acute bowel ischemia is re-sponsible for about 5% of deaths in the USA year by year, causing more deaths than colonic cancer [3, 4] .
Acute bowel ischemia has a wide range of possible clinical and pathological presentations since it can be caused by a variety of different conditions and presents with various clinical and radiological findings [1] [2] [3] [4] [5] . Therefore, it may easily be missed or misinterpreted initially, and the broad spectrum of acute bowel ischemia, which ranges from mild and generally transient, clinically often inapparent, superficial changes of the intestinal mucosa to more dangerous and potentially life-threatening, transmural necrosis of the bowel wall, may explain why the clinical diagnosis of acute bowel ischemia has remained quite challenging.
For these reasons, it is obvious why radiology has become so important since the 1960s and 70s, and the upcoming catheter angiography, a modality that has a sensitivity of up to 87% in diagnosing this disease, has evolved into the imaging modality of choice in acute bowel ischemia over the past 20 years [6] .
However, angiography will usually not contribute to reaching the correct differential diagnoses of acute bowel ischemia, and furthermore, angiography is an invasive procedure that it is often performed quite late in the diagnostic process-at a time when other differential diagnoses are excluded and when clinical suspicion of acute bowel ischemia is supported by more specific clinical and laboratory findings. However, this delay in diagnosis and onset of appropriate treatment may result in a fatal decrease of the patient's chances to survive.
Therefore, there is an obvious need for a diagnostic tool that shows a comparably high sensitivity in the detection of acute bowel ischemia as angiography, but with the advantages of being able to diagnose potential differential diagnoses with a similar accuracy and of being used early in the diagnostic process in order to influence positively the patients prognosis. Multidetector row computed tomography (MDCT) has shown over the past years that it is able to provide very exact information about the parenchymatous organs of the abdomen, the intestinal structures and the mesenteric vasculature as well, and by combining all this information, MDCT might be the ideal first step imaging approach in patients with acute bowel ischemia.
For this reason, the present study was initiated in order to analyze the diagnostic accuracy of MDCT in the prospective diagnosis of acute bowel ischemia, to compare it to the results of angiography from the literature and to discuss if MDCT can be regarded nowadays as the first pass imaging modality of choice in patients with acute bowel ischemia.
Patients and methods
Out of a total of 910 consecutive abdominal MDCT examinations performed over a time period of 5 months, all cases in which CT was performed for high suspicion for urolithiasis (urolith CT) and all CT examinations performed for already known diseases, follow-up examinations or reevaluation of formerly diagnosed illnesses (n=604) were excluded. The remaining 304 consecutive patients, who were all examined for an acute or subacute abdomen, were included into our study. In 15 cases the clinical or follow-up information was insufficient or impossible, and these patients had to be excluded. The remaining 291 built our final study population.
All CTs were read in our normal daily clinical routine by a board-certified radiologist who was usually not subspecialized in abdominal radiology. No focused radiological search for bowel ischemia was performed, and the radiologists were not influenced at all because they did not know that the study was being performed. In a second step, the initial radiological CT diagnoses made during our daily routine by radiologists who were usually not specialized in abdominal imaging as well as the final diagnoses made by using all available medical information from patient follow-ups, endoscopies, surgical interventions or autopsies were compared in order to analyze the sensitivity and specificity and the positive and negative predictive value of MDCT for the prospective diagnosis of acute bowel ischemia in the daily routine.
All patients were examined in a four-row detector CT scanner (Volume Zoom, Siemens, Erlangen, Germany). The clinical constellation and the initially suspected clinical diagnosis were not uniform in our study population, and, therefore, the used examination protocols varied minimally from patient to patient. Not every patient could drink the same amount of positive oral contrast, for example, and only those patients received positive rectal contrast whose abdominal complaints were located in the lower abdomen. However, if abdominal symptoms were located more in other abdominal regions, rectal contrast administration was not performed regularly. Bolus tracking was not applied since in these routine cases the abdomen was scanned regularly during a portal venous phase, starting 70 s after the start of contrast injection. Intravenous contrast application was performed with a flow rate of 2 ml/s and with a total volume of 100-120 ml. Collimation/table feed was 4×2.5/10, and reconstructed slice thickness was 3 mm. Arterial phase scanning was not performed regularly in these routine cases if there was no more specific clinical demand for it. However, four patients additionally underwent prior unenhanced CT scanning and arterial phase CT scanning according to the fact that acute bowel ischemia was suspected clinically. Prospective CT reading was regularly performed by using soft tissue windows. However, because reading was done on work stations, the readers could also use other window settings, for example, lung windows in cases with pneumatosis and/or portal venous gas, and 2D reconstructions were therefore also used on a regular basis.
Based on all available medical information, the age distribution of patients with acute bowel ischemia in our study population, the most probable etiology of bowel ischemia in every patient, the mortality as well as the localization, the extent and the severity of bowel ischemia were analyzed. Finally, all CTs of patients with an initial CT diagnosis or a final diagnosis of bowel ischemia were reread by a radiologist specialized into abdominal imaging in order to analyze the CT findings and the main reasons for initially false negative or false positive CT readings.
Results
Out of all 291 consecutive patients who underwent abdominal MDCT for an acute or subacute abdomen over a time period of 5 months, 24 (8.2%) turned out to have acute bowel ischemia. The final diagnoses made in the remaining 267 patients are listed in Tables 1, 2. The age of our patients with bowel ischemia ranged from 50 to 94 years with a mean age of 75.7 years. Eleven patients with bowel ischemia were male, 13 were female. Causes for acute bowel ischemia were: strangulation (n=2), arterio-occlusive factors (n=11), non-occlusive factors (n=5), distension (n=3) and radiation (n=3) [(compare to Table 3)].
Bowel ischemia was located in the small bowel in 11 cases, in the large bowel in 12 cases, in the cecum in 5 cases and in the rectum in 2 cases. In one patient, colon, cecum and small bowel were affected; in three cases there was involvement of the colon and cecum, and in another of small bowel and cecum, explaining why 30 regions were affected in 24 patients. In the small bowel four cases represented partial mural and seven cases transmural ischemia, whereas in the large bowel only two cases showed partial mural and ten cases transmural changes. Four out of five cases of cecal ischemia were transmural, whereas both cases of rectal ischemia were only partially mural. Seven patients died (29.2%), and although their overall health condition was often critical, their cause of death could mainly be attributed to bowel ischemia.
Imaging findings in these 24 patients with bowel ischemia consisted of wall thickening (n=21), mesenteric stranding and/or little mesenteric fluid (n=21), pneumatosis (n=8) and portal venous gas (n=2) [ (Fig. 1, 2 , 3, 4, 5, 6, 7). Occlusions of mesenteric arteries were found in 11 patients and consisted of five atherosclerotic occlu- Fig. 1 Ischemic colitis of the descending colon following aortoiliac stent implantation. CT shows mild wall thickening of the descending colon (arrow) with minimal paracolic stranding (arrowhead)-a finding that might be missed in contracted colonic segments Fig. 2 Strangulation ischemia of the small bowel due to adhesions. CT shows mild wall thickening (arrows) and mesenteric fat stranding (arrowheads). However, these findings are not absolutely specific for ischemia since they may be observed already in cases in which they represent only bowel wall edema resulting from venous congestion reading led to radiological differential diagnoses and if up to three of these radiological differential diagnoses were also included in our analysis, the sensitivity of MDCT was raised to 83.33%. If only the first radiological diagnosis was taken into account, specificity was 98.51%, PPV was 90.48% and NPV was 98.15%. If there were radiological differential diagnoses and if up to three of them were included in our analysis, specificity was 96.66%, PPV 68.97% and NPV 98.47% (compare to Table 4 ). The initial CT diagnosis was false negative in five cases if only the first diagnosis of the reader was counted. Two of these cases represented ischemic colitis, and one of them was missed in the initial reading mainly according to the fact that the ischemic colonic segment was contracted and wall thickening therefore not perceived. In the second case, CT findings were misinterpreted as infectious colitis in the first diagnosis, and ischemic colitis was only included among the radiological differential diagnoses despite the presence of pneumatosis (Fig. 3) . The third false negative case represented ischemic distension colitis of the cecum (caused by a distal high grade stenosis of the sigmoid colon) and was missed in the initial reading since the wall of the massively distended cecum measured only 4 mm (Fig. 4) . The fourth false negative case represented an acute isolated small bowel infarction that presented with several distended small bowel loops with only minimal bowel wall thickening and without visible changes at the mesenteric vessels (Fig. 7) . The fifth false negative case represented isolated cecal infarction, and here the findings were not missed, but misinterpreted since CT showed pronounced eccentric wall thickening of the cecum. The findings were therefore thought to be caused by neoplastic changes (Fig. 5) .
False positive CT diagnoses included the following: in two patients CT findings were consistent with a colitis, and in both cases the localization (descending colon) as well as the advanced age of the patient were the most important factors why ischemic colitis was mentioned as first radiological diagnosis. However, finally both cases turned out to represent ulcerous and infectious colitis, respectively. In four additional patients in whom CT showed large bowel wall thickening as well, ulcerous/ infectious colitis was correctly diagnosed by CT although ischemic colitis had been included in the radiological differential diagnosis in these four cases.
In three patients with mechanical small bowel obstruction who showed some edema of their small bowel walls and some mesenteric stranding, small bowel ischemia was included in the radiological differential diagnosis as a potential coexisting finding, but surgery revealed only bowel wall edema resulting from venous congestion and no signs of bowel ischemia. Fig. 9 Sclerotic stenoses of the superior mesenteric artery. Sagittal reconstruction of MDCT (maximum intensity projection) nicely shows several sclerotic plaques at the origin and along the proximal superior mesenteric artery (arrows) and a severely calcified infrarenal aorta
Discussion
Since the mid 1980s a quite impressive number of publications have appeared on the role of CT in bowel ischemia and infarction [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . While the sensitivity of CT was still poor in the late 1980s, ranging around 39%, it increased significantly over the following years, and the only study we are aware of that compared the sensitivity of CT and angiography directly showed that the sensitivity of CT (82%) had almost reached the sensitivity of angiography (87%) already in 1995 [6] . However, this particular study included a control group that was even smaller than the group of patients with bowel ischemia, and furthermore, all studies on CT and bowel ischemia that have been published until the present have been conducted as retrospective reviews of patients with known bowel ischemia. Therefore, the diagnostic accuracy of CT, and especially of MDCT, including not only sensitivity but also specificity, as well as positive and negative predictive values, have not yet been evaluated in the prospective diagnosis of acute bowel ischemia in the daily routine and especially in a non-preselected study population.
The etiologies of acute bowel ischemia are diverse and range from occlusion of arteries or veins to low flow states and intestinal over-distension. Although occlusive conditions still account for the majority of cases of acute bowel ischemia, non-occlusive bowel ischemia has become more and more common with the increasing life expectancy in the western world and probably also because of better monitoring of intensive care patients. Nevertheless, although major progress has been made in the therapy of patients with acute bowel ischemia regarding early corrections of hemodynamic abnormalities and electrolyte imbalances, prophylactic antibioc treatment or protection of reperfusion injury, the basic therapy of bowel infarction-surgical resection-has not changed over the past decades. This, together with the fact that most prognostic factors of bowel ischemia cannot be influenced may explain why the mortality of acute bowel ischemia has not dropped significantly over the past decades. The prognosis of acute bowel ischemia depends on the cause, severity and extension of the intestinal damage as well as on the presence of certain complications. However, these factors are given, and the only factor that may influence the prognosis of affected patients is the early onset of the correct diagnosis and therapy.
Until the present, angiography has been regarded as the imaging modality of choice and gold standard in clinically suspected acute bowel ischemia. However, angiography is not helpful in diagnosing or excluding other reasons for an acute abdomen, and according to this and the fact that it is an invasive procedure, it is usually used quite late in the diagnostic process. This often leads to a potentially fatal delay in diagnosis and therapy for the patients, whereas CT has the advantage of being able to cover a much broader spectrum of potential differential diagnoses of an acute abdomen and to diagnose ischemic and non-ischemic reasons for an acute abdomen with a similarly high accuracy early in the diagnostic process.
Acute bowel ischemia is quite common in the western world, and while it is said to be responsible for about 1% of all acute abdomens, its relative frequency in subspecialized fields of medicine may be significantly higher [1] [2] [3] [4] [5] . This is again shown by our study in which 8.2% of all our patients had some type of acute bowel ischemia. This high number might be explained partially by the fact that our clinic is a major diagnostic health center with a relatively high percentage of severe cases. On the other hand, in our clinic there is a strong gastroenterology department, and this prevented many patients with only mild and superficial ischemic colitis to be examined by CT. This also explains why the relative number of cases with partial mural large bowel ischemia (superficial and reversible ischemic colitis) was relatively small in our study population compared to those cases with transmural colonic ischemia (large bowel infarction).
Our results indicate that the overall sensitivity of CT in the detection of acute bowel ischemia is comparable to that of angiography, although it suggests that CT will not have the same sensitivity in detecting distal vascular occlusions of the very small mesenteric arteries. However, this seems to be well compensated by the fact that-in contrast to angiography-CT is able to show the pathologic changes at the intestine as well as possible complications of bowel ischemia directly and that CT is additionally able to diagnose various non-occlusive types of bowel ischemia as, for example, transient ischemic colitis and distension colitis with a similarly high accuracy as, for example, more rare types of bowel ischemia such as ischemic proctosigmoiditis or isolated cecal infarction [19, 20] . Nevertheless, false negative or false positive diagnoses are certainly possible using CT, and here one should differentiate between cases that are missed and cases that are primarily misinterpreted.
False positive cases typically occur as a result of misinterpretation of other types of colitis (for example, infectious or ulcerous colitis)-especially when affecting the left colon in elderly patients and also in patients with complicated small bowel obstruction since in the latter bowel wall thickening and mesenteric stranding are typically found already in cases with venous congestion and not only in strangulation-related bowel ischemia. They therefore do not allow CT differentiation as long as more specific findings such pneumatosis or portal venous gas are absent [22, 23] .
Another quite typical example of a false negative CT diagnosis is to miss ischemic colitis in contracted colonic segments and, therefore, rectal instillation of water or contrast prior to the CT examination is generally recommended [18] . Furthermore, ischemic distension colitis of the cecum (caused by a distal high grade colonic stenosis) may also be missed at first sight because the wall of the dilated cecum usually measures less than 5 mm under such circumstances-a measure that is generally accepted as the upper limit of a normal colonic wall thickness at CT. However, it is well known that the wall thickness of the colon at CT stays in clear relation to the luminal distension and, therefore, such cases will usually be correctly interpreted if the reader sets the wall thickness of the cecum in relation to its luminal distension [24] .
A false negative CT diagnosis in isolated cecal infarction on the other hand quite typically results from misinterpretation and not from missing the CT findings since the pronounced cecal wall thickening may often resemble tumorous or infectious wall thickening in these cases. However, under such circumstances, knowledge of this entity and proper clinical information about acute right lower abdominal quadrant pain will usually allow the radiologist to make the correct diagnosis [19] .
Another very important example of a potentially false negative CT diagnosis is found in patients with peracute isolated arterio-occlusive small bowel infarction. This entity typically shows no or only minimal bowel wall thickening at CT. Therefore, it may easily be missed by CT as long as more specific findings such as pneumatosis or portal venous gas are absent and as long the mesenteric arterial occlusions are located too far distally to be detected by CT [18, 21] . In such cases, the absence of bowel wall enhancement may be the only characteristic early CT finding.
However, as shown by one of our cases with large bowel infarction that was missed despite the presence of pneumatosis, the limiting factor may also be the radiologist, who sometimes just does not perceive characteristic CT findings that would allow making the right diagnosis.
In our false positive cases (where seven out of nine cases were only included in the differential diagnosis), endoscopy or surgery finally could exclude ischemic colitis and complicated small bowel obstruction, respectively. Although the initial CT diagnosis was false positive for bowel ischemia in these cases, CT was nevertheless helpful for decision making regarding the further patient management and did not negatively influence the diagnostic or therapeutic approach or the patient's clinical course.
In three of our five false negative cases, the patient's clinical course was not negatively influenced by the CT diagnosis either, since one case of ischemic colitis that was missed initially by CT was finally found during endoscopy, and distension ischemia of the cecum as well as isolated cecal infarction were both found during laparotomy, which both were initiated by the CT findings. Nevertheless, in one patient in whom the characteristic CT findings of colonic infarction (pneumatosis) were missed and in another patient with small bowel infarction in whom CT showed no abnormal findings, the false negative CT diagnoses contributed to a fatal follow-up. Both patients died several days later, although the correct diagnosis was finally made intraoperatively and by angiography, respectively, and in these two cases the most important negative prognostic factor was presumably the time delay that was mainly caused by an initial false negative CT reading.
Our results show that MDCT has a prospective sensitivity of 80% in diagnosing acute bowel ischemia in the daily routine and that its overall sensitivity is therefore comparable to that of angiography. Furthermore, MDCT has an overall very high diagnostic accuracy for acute bowel ischemia and its clinical differential diagnoses together with the advantage of being a non-invasive examination that may be used early in the diagnostic process with all its positive effects on the patient's prognosis.
One may speculate if the results of our study would have been even a little bit better if we had included CT angiographies in our regular CT examination protocol because probably more vascular pathologies would have been detected [25] . Furthermore, one may argue that the diagnostic accuracy of MDCT might have been even higher in our study if the initial CT reading had been performed by radiologists subspecialized in abdominal radiology since at least one of the two cases with an initially missed ischemic colitis as well as the case with a missed distension colitis of the cecum and finally also the case with a misinterpreted cecal infarction most probably would have been correctly interpreted by a reader who is more familiar with these entities. Therefore, one may ask why we chose this particular study design, why our cases were not preselected, examined by a more optimal CT protocol, and why our cases were not just read retrospectively in a blinded fashion. However, in many European countries, subspecialization of radiologists is not as common as in the United States, and results from the daily routine of radiological generalists surely provide much more useful information regarding the true diagnostic value of a method than retrospective studies in which subspecialized readers know exactly what to focus on, even if blinded. However, this question must be answered by future studies.
Nevertheless, abdominal specialists and radiological generalists must be aware of the potential pitfalls of CT. Although radiological subspecialization into abdominal imaging might prevent false negative CT readings in many cases, it is obvious that especially those patients with an acute or even peracute isolated arterio-occlusive small bowel ischemia, in whom bowel wall thickening, mesenteric stranding, pneumatosis or portal venous gas are absent, and in whom the occlusions of mesenteric arteries are located too far distally to be detected by CT, may easily be missed by this modality and therefore still require angiography.
Nevertheless, in the vast majority of cases of acute bowel ischemia, there are fortunately enough additional CT findings that allow even radiological generalists to suspect the correct diagnosis prospectively. Therefore, MDCT should probably be used as the first step imaging modality of choice in cases with clinical suspicion of acute bowel ischemia in order to provide an early radiological one-step diagnosis for various ischemic and non-ischemic acute abdominal conditions. Only this can avoid an unnecessary delay in diagnosis and therapy of those patients with acute bowel ischemia in whom MDCT would already provide the correct diagnosis.
